STUDY QUESTION: Is Raman micro-spectroscopy a valid approach to assess the biochemical hallmarks of sperm regions (head, midpiece and tail) in four different species?
Introduction
The sperm is a cell that in contrast to its simple structure, has an extremely complex biochemistry, physiology and ultimately, functionality (Rodríguez-Gil, 2013) . Such complexity is far from being fully understood and unfortunately the information that can be provided by most of the available tools is limited because most of these techniques require a complex sample pre-treatment which do not allow the study of biomolecules that participate in the different sperm events in their native environment Labas et al., 2015) , compromising the interpretation of the obtained data.
In this sense, the non-invasive Raman micro-spectroscopy represents a powerful alternative, since it has the potential to fingerprint the biochemical composition of a sample in its inherent state, without the need for labeling, extraction or purification (Butler et al., 2016) .
Interestingly, sperm were one of the first cells to be analyzed using this technique, almost 30 years ago, in a study that evaluated the salmon sperm DNA conformational state (Kubasek et al., 1986) . In the same vein, other initial reports focused on the clarification of the DNA conformation in sperm and if it is altered upon different conditions, such as during heat treatment and UVB radiation exposure Ke et al., 1999) .
However, it was only in the last decade that the potential of the technique to identify chemical signatures underlying several aspects of sperm functionality was explored in several studies, showing a huge potential that can be further applied to diagnostics, ultimately improving ART outcomes and fertility rates worldwide (Mallidis et al., 2014) . Huser et al. (2009) described that this technique provides information that allow the identification of distinct DNA packaging in morphologically normal and abnormal human spermatozoa.
Furthermore, the utility of this technique was also extended to the detection of sperm damage, mainly that related to DNA. In fact, Meister et al. (2010) reported that the UV radiation-induced damage on different human sperm regions can be detected through the Raman analysis.
Also through this technique, Mallidis et al. (2011) showed that a specific band assigned to the DNA was altered after UVB-induced damage and that this alteration occurs independently of the source of DNA damage (Sánchez et al., 2012; Lang et al., 2013) . For this reason, they proposed this band as an indicator of DNA damage in sperm. These results were later corroborated by other authors Huang et al., 2014) .
In the same line, reported the potential of Raman micro-spectroscopy to detect changes induced by the spermicide maleic acid in distinct regions in human sperm.
With a different aim, based on the debate of how to select a good sperm for ART, Liu and collaborators showed that Raman microspectroscopy could distinguish human sperm bound and unbound to zona pellucida. The authors also presented spectra from different regions of sperm, however almost undistinguishable (Liu et al., 2013) and not in accordance with what has been shown in the previous mentioned studies.
However, apart from the unequivocal assignment of some DNA peaks, whose prominence is characteristic of the sperm head, specially the one at~1092 cm −1 , attributed to the PO 4 backbone of DNA,
there are substantial discrepancies that may be the result of different experimental approaches. For example, in their spectral analysis, Meister et al. (2010) using human sperm reported a peak at 751 cm −1 indicative of the presence of mitochondria in the midpiece, yet this observation was not confirmed in further studies . Similarly, several peaks have been described in the sperm tail, however, they were also present in other regions De Luca et al., 2014; Ferrara et al., 2015) . Thus, except for DNA, the identification and assignment of peaks or Raman-profiles to the different regions of the sperm is scarce and when exists, controversial, as also is the classification of the sperm regions analyzed (Meister et al., 2010; Mallidis et al., 2011; Liu et al., 2013; De Luca et al., 2014; Ferrara et al., 2015) . These discrepancies highlight the need to develop more studies using this technology, improving the approaches, in order to obtain reliable information that can be further applied to several aspects of the reproductive medicine field and also to characterize the basic sperm constituents, which is essential to understand its complex and different functionality among different species.
In fact, it is well known that the sperm cell varies greatly in terms of morphology among species. This seems to be related with speciesspecific reproductive strategies, all having as a final aim a fertilizing capacity advantage. Nevertheless, how this is mirrored functionally, is still a matter of debate (Holt and Van Look, 2004; Rodríguez-Gil, 2013; Ramón et al., 2014) . In the case of the sperm head, this varies not only in shape and size (Cummins and Woodall, 1985; Gago et al., 1999) , but also in the biochemical composition, e.g. in the protamine content (Poccia et al., 1987; Bench et al., 1996) . In addition to changes in the head, species-specific variability is also observed in the midpiece. Human sperm has a short midpiece region while monkey and mouse sperm have longer midpieces, containing a high number of mitochondria (Cummins and Woodall, 1985; Gago et al., 1999) . In the sea urchin, an external fertilizer, sperm have only one large mitochondrion that is present at the base of the sperm head (Bernstein, 1962; Longo and Anderson, 1969; Koch and Lambert, 1990) . Regarding the tail, also in the sea urchin, this is very odd, lacking the fibrous sheath and outer dense fibers, present for instance in mammalian sperm (De Jonge and Barratt, 2006; Chang et al., 2013) . However, to our knowledge, there is limited information on how the biochemical features of these regions vary amongst species, which will be relevant to understand how this cell is adapted to the environmental diversity in which the fertilization process is carried out.
Therefore, in this study, it is our objective to fully characterize the biochemical profile of the main regions of the sperm cell: the head, midpiece and tail through the use of Raman micro-spectroscopy. We further analyzed the Raman spectra in sperm cells from several species, selected on an evolutionary basis.
There are several questions we want to address: is this technique able to unequivocally detect differences among the different regions on the sperm cell? Is it possible to define a typical peak for each region that can be used as reference in further studies? What is the potential of the Raman micro-spectroscopy technique to detect differences among species?
Materials and Methods

Ethical approval
Written informed consent was obtained from the semen donors attending the Centre of Reproductive Medicine and Andrology (CeRA) and the project was approved by the ethics committee of the University Clinic of Münster. Mice were obtained from the University clinic of Münster animal facility. Both for mice and monkeys, all procedures were in accordance with the German Federal Law for the Care and Use of Laboratory Animals.
Sperm samples
Human semen samples were obtained from two healthy donors attending CeRA. Samples were collected after 2-5 days of sexual abstinence, prepared by simple washing and analyzed according to WHO recommendations. All parameters were observed to be above the normal limits (WHO, 2010) .
Mouse sperm was collected from two C57BL/6 -TgN (ACTbEGFP) 1Osb adult mice (Okabe et al., 1997) . For sperm collection, excised and cleaned cauda epididymis and vas deferens were transferred to a Petri dish with cryoprotective medium, cut in 4-5 pieces and incubated for 15 min at 37°C in order to allow sperm swim-out. Sperm suspension was then filtered using 100 μm filter (Tseng et al., 2006; Lang et al., 2013) . Sperm suspension was cryopreserved, according to a previously described methodology (Ostermeier et al., 2008) . Before smear preparation, sperm were thawed at 37°C for 1-2 min, washed (400 g, 10 min) and resuspended in phosphatebuffered saline (PBS).
Monkey sperm were obtained during necropsy from the epididymis of two adult Cynomolgus monkeys (Macaca fascicularis), 6 and 10 years old that became available from other studies. Sperm extraction was done accordingly to a previously described methodology with some modifications . Briefly, cleaned cauda epididymis was minced in small pieces in PBS. The tissue was centrifuged at 30 g for 5 min and the supernatant was collected and washed twice in PBS (400 g, 5 min).
Sea urchin sperm were obtained from Arbacia punctulata. Animals were purchased from either Duke University Marine Laboratory (J.M.: Keller, Beaufort, NC, USA) or from the Marine Biological Laboratory (MBL) Woods Hole (Woods Hole, MA, USA). Spawning was induced by the injection of 500 μl of 0.5 M KCl into the body cavity (Palmer, 1937) or by mild electrical stimulation. The released sperm were densely packed, the so-called 'dry' sperm, and was stored on ice during transportation. Before use, sperm were diluted in artificial sea water (432 mM Nacl, 9 mM KCl, 9.27 mM CaCl 2 , 22.94 mM MgCl 2 ; 25.5 mM MgSO 4 ; 0,1 mM EDTA and 10 mM Hepes, pH 7.8) (Palmer, 1937; Chang et al., 2013) .
All the sperm samples from different species were smeared on Suprasil ® microscope slides (Quartzglas Heinrich QGH, Aachen, Germany) and air dried before evaluation (Meister et al., 2010; Mallidis et al., 2011; Lang et al., 2013) . The number of evaluated sperm was as follows: 150 cells for human, 50 for mouse, 60 for monkey and 60 for sea urchin. Overall, more than 1500 spectra were acquired during this study.
Confocal Raman micro-spectroscopy
Analysis were performed in a LAbRAM Aramis system (HORIBA Jobin Yvon S.A.S., Lille, France), coupled to a Olympus BX41 microscope, with a 632.8 nm He-Ne laser (~15 mW), four motorized interchangeable diffraction gratings, adjustable confocal pinhole, motorized notch filter selector and a Peltier-cooled, open electrode charge coupled detector (CCD). Daily, before spectra acquisition, the machine was calibrated using a silicon reference slide and laser position was verified. Spectra acquisition consisted of two accumulations of 10 s each using a 600 grooves/mm diffraction grating and slit and pinholes apertures of 300 for human and monkey sperm and of 200 for mouse and sea urchin sperm. These settings provide a spectral resolution of 27.09 and 18.06 cm −1 , respectively, while the pixel resolution was 2.22 cm −1 /pixel for both configurations, showing an optimal signal to noise ratio. For all measurements a ×100 objective (NA = 0.9) with a working distance of 0.21 mm was used and they were performed within a wavelength range of 600-1800 cm
. The Labspec 6 software (version 6.3.40.3; HORIBA Jobin Yvon S.A.S., Lille, France) was used for all the acquisitions. To acquire single spectra, a cell was focused and the laser positioned in the specific region to measure: head (postacrosomal region), midpiece or tail (Fig. 1) . In the head single point measurements were performed, while in the midpiece and tail, due to their elongated nature, 3-4 consecutive points along their axis were determined. Spectra were automatically corrected by the instrument's ICS (intensity correction system) .
Spectral analysis
Prior to further spectral analysis, several corrections were done using LAbSpec Software 6. First of all, spectra from different sperm regions for the all species were baseline corrected and smoothed using LABSpec, in order to increase spectral quality. The data was corrected for Suprasil ® slide and PBS by subtracting the individually measured background spectrum in order to obtain measurements from samples only. Finally, the mean spectrum of distinct sperm areas was obtained for all species Lang et al., 2013; Chen et al., 2014; De Luca et al., 2014) . Peaks assignments were done having as a reference the mentioned literature through the article and in Table I .
Data analysis
The obtained spectra were analyzed by principal component analysis (PCA) using the MATLAB Software (version R2014b, Natick, MA, USA). In short, PCA analysis is a dimension reduction analysis that allows the identification of patterns in high dimensional data, expressing the data in such a way as to highlight their similarities and differences (Ringner, 2008; Mallidis et al., 2011; Bonnier and Byrne, 2012) .
PCA analysis was performed on the data from all the measurements in different regions and in different species. PCA scatter plots were used to visualize group clusters and the separation of data sets, mirroring the differences between the compared groups (e.g. human sperm head versus midpiece versus tail) (Bonnier and Byrne, 2012) .
In order to validate our analysis, a small sample of measurements was selected from the complete set of measurements and used to construct PCA vectors. Subsequently, all data were classified as before using these vectors. Results were maintained in this test (data not shown).
As an additional validation, measurements for human sperm were repeated on a sample of a different donor, several weeks after the first measurements. The analysis was repeated with PCA vectors taken from prior measurements and gave consistent results.
Results
Evaluation of the sperm regions in all species
Although the sperm structure is relatively simple, the denomination of the sperm regions varies greatly in the existing literature (Meister et al., 2010; Mallidis et al., 2011; Liu et al., 2013; Chen et al., 2014; De Luca et al., 2014; Ferrara et al., 2015) . Herein we analyzed, in four different species, the 3 main and universally accepted sperm regions: the head, specifically the nuclear area; the midpiece, characterized by the presence of mitochondria and the tail, characterized by the sperm axoneme that is surrounded by outer dense fiber and fibrous sheath (in most species) and covered by the plasma membrane (De Jonge and Barratt, 2006) . In this regard, these regions are mainly defined by the organelles and/or specific structures present that make them likely to also differ in biochemical composition.
In Fig. 2A -D, the average spectra of each of the sperm regions, for the four studied species are shown. As can be observed, these spectra exhibit a great complexity due to a common frequency of peaks (Raman band), that differs between the sperm regions by zones of greater intensity associated to their principal biochemical compositions (Fig. 2) .
The mean spectra representing the sperm head are characterized by prominent bands within the spectral region ranging from 600 to 1150 cm −1 in the Raman spectrum, which have been previously associated with nucleic acids, the main component of the sperm head De Luca et al., 2014; Ellis et al., 2013; Ferrara et al., 2015; Huang et al., 2014; Huser et al., 2009; Ke et al., 1999; Li et al., , 2016 Liu et al., 2013; Mallidis et al., 2011; Meister et al., 2010; Peticolas et al., 1996; Sánchez et al., 2012; Talari et al., 2015) . In the case of the midpiece, the mean spectra of this region are dominated by bands in the region of 1150-1700 cm −1 , which are related to nucleic acids, proteins and lipids, associated not only with the presence of DNA but also with mitochondrial components, organelles that specifically characterize this spermatic region ( De Luca et al., 2014; Huang et al., 2014; Ferrara et al., 2015; Talari et al., 2015) , Moreover, in the spectra region from 1400 to 1700 cm −1 , the intensity of some of the midpiece peaks is higher, compared to that of the head. This is more perceptible in the mouse and in the monkey sperm, a fact that might be related to the predominance of biochemical moieties related to components in the mitochondria in these species. Finally, the mean spectra of the sperm tail are characterized by the presence of common peaks to other regions, that have been mainly associated to protein moieties, which is consistent with the fact that this structure contains basically the axoneme as a central element providing motility (De Jonge and Barratt, 2006) . Not surprisingly, being the thinnest and simplest structure, the tail was associated with the weaker signal (Fig. 2) .
Furthermore, peaks like the ones at~644,~728,~850,~1003, 1209,~1253,~1447 and~1660 cm −1 , except for some particular exceptions (Table I) , have been found in all sperm regions of all fourspecies studied here. Except for few species-specific cases (Table I) , in addition to the bands common to all sperm regions, there are also peaks that are shared only by two of them (Table I ). In the case of the head and the midpiece, peaks such as the ones at~675,~827,~1062, 1308,~1335 and~1612 cm −1 have been identified. In the case of the midpiece and the tail, we also have identified some shared peaks among these regions although with a higher intensity in the midpiece, as is the case of~1033,~1171 and 1232 cm −1
. The presence of these common peaks among different regions validates our observations. In terms of spectral characteristics, it can be said that they contribute progressively to the spectrum complexity, which increase in the direction tail-midpiece-head, as can be seen in Fig. 2 , showing a basic 'spectral-proteic' structure in the tail. Signals associated with lipids, mitochondrial components and DNA are detected in addition in the spectra of midpiece and head. This is consistent in each of the analyzed species with the exception of the sea urchin tail in which, some of the peaks are missing.
In the case of the sperm head, we have identified specific peaks for this region that are common to all the species, as is the case of~1094, 1180,~1373,~1420,~1483,~1509 and~1576 cm −1 (Fig. 3) .
In the midpiece, we have also found specific peaks that are common to all the species:~743,~1109,~1364,~1396,~1519,~1546 and 1583 cm −1 (Fig. 4) . With exception of the first peak, the other six peaks represent new discoveries in this region. In the case of the tail, as already mentioned, its spectra can be characterized by the presence of common peaks compared to other sperm regions (e.g.~1003,~1447 and~1660 cm −1 ) but also the absence of peaks that are specifically associated with nucleic acids and mitochondrial components (Fig. 5 and Table I ). Nevertheless, we could identify two main peaks that are present in the sperm tail of all the evaluated species:~802 and~1607 cm −1 and one peak, that is specific for the tail but that is absent in mouse tail, the~1288 cm −1 .
Accordingly, the differences in the mean spectra of these regions were confirmed in individual measurements through a PCA analysis in which it is possible to notice a distinction between regions for each species (Fig. 2, right panels) .
Comparison of the different regions among species
The sperm is a cell with a single task, to transport the paternal DNA to the oocyte and to fertilize it. However, given that the environment in which fertilization occurs differs greatly from species to species and it is subject to adaptive pressure, it can be assumed that the sperm biochemical components might also change in order to be adapted to specific physico-chemical conditions. (Holt and Van Look, 2004; De Jonge and Barratt, 2006; Rodríguez-Gil, 2013; Ramón et al., 2014) . Based on this idea, we intended to detect such changes through the Raman micro-spectrometry.
In Fig. 6A -C, the average spectra of each of the sperm regions for all the studied species can be observed, showing that the four species have a similar spectral profile according to the sperm region, indicating that they share the same biochemical constituents. However, although the frequency of the peaks is similar, the relative sizes of peaks are different. We believe that this is due to a varying proportionality of the respective constituents. Nevertheless, when individual measurements were evaluated through PCA analysis (Fig. 6 , right panels), this distinction was not stable and the distribution of clusters tends mostly to uniformity in each of the sperm regions for all the species analyzed, with some exceptions, that we will discuss.
The human sperm head shows the most dispersed pattern on PCA analysis and it is partly separated from the rest of the species (Fig. 6A ), which was confirmed in different donors.
In the case of the midpiece (Fig. 6B) , the average spectra of this region are indistinguishable in general, although there are certain small species-specific differences, that we will further discuss.
In regards to the sperm tail, the analysis of the average spectra allows to observe small differences mainly in the tail of the sea urchin (Fig. 6C) . Nonetheless, the PCA analysis does not show a clear distinction for any of the species analyzed.
Therefore, it can be concluded that there is not a clear distinction of a specific region among the different animal models studied here, using this approach.
Discussion
Is it possible to distinguish sperm regions in all the evaluated species through Raman micro-spectroscopy?
As already mentioned, most biomolecules are present in all regions and share the same chemical moieties. It is therefore not surprising to observe the presence of common peaks (e.g,~644,~728,~850,~1 003,~1209,~1253,~1447 and~1660 cm −1 ) in all sperm regions of all four-species studied here, except for few species-specific cases (Table I) . Most of these 'common' peaks have been previously described in other cells (Matthäus et al., 2007; Ellis et al., 2013; Talari et al., 2015) and some of them even in sperm cells from several species including human, mouse, salmon, squid, bull and buffalo De Luca et al., 2014; Ferrara et al., 2015; Huang et al., 2014; Huser et al., 2009; Lang et al., 2013; Li et al., 2016; Liu et al., 2014; Mallidis et al., 2011; Peticolas et al., 1996) . These peaks are related to basic components of the main biomolecules (nucleic acids, proteins and lipids) De Luca et al., 2014; Ferrara et al., 2015; Huang et al., 2014; Huser et al., 2009; Lang et al., 2013; Li et al., ,2016 Mallidis et al., 2011; Matthäus et al., 2007; Peticolas et al., 1996; Talari et al., 2015) . Furthermore, some of these peaks have been correlated to extensive properties, as is the case of~728 cm −1 , which higher area has been associated with a higher DNA concentration in X bearing bovine sperm Ferrara et al., 2015) , and the~1447 cm −1 peak, that has been associated to the amount of proteins in the sperm nucleus . Except for few species-specific cases that can be verified in Table I , we have also identified peaks that are shared only by two regions (Table I ). In the case of the head and the midpiece, these peaks (~675 ,~827, 1062,~1308,~1335 and~1612 cm
) have all been mainly related to nucleic acids, either to the nitrogenous bases or to the phosphate backbone, but also to proteins and lipids De Luca et al., 2014; Ferrara et al., 2015; Huang et al., 2014; Huser et al., 2009; Ke et al., 1999; Li et al., ,2016 Liu et al., 2013; Mallidis et al., 2011; Meister et al., 2010; Peticolas et al., 1996; Talari et al., 2015) . As both, head and midpiece contain DNA, either nuclear or mitochondrial, this assignation is clearly justifiable. Furthermore, the intensity of peaks associated to DNA, was observed to be more prominent in the head region, which might be related to the base pair content, known to be higher in nuclear DNA (Taylor and Turnbull, 2005) . Notably, most of these peaks are being described herein for the first time in the human sperm midpiece. These novel bands may need to be further explored by comparison with mitochondrial analysis from other cell types eventually describing tissue-specific phenotypes of mitochondria.
Furthermore, we also have identified some peaks common to the midpiece and the tail (~1033,~1171 and 1232 cm −1 ). Thẽ 1033 cm −1 peak has not yet been described in sperm cells but was found in other cells mainly assigned to proteins Talari et al., 2015) . The other two peaks have been previously assigned to DNA bases, proteins and lipids Ke et al., 1999; Huser et al., 2009; Talari et al., 2015) . The clear discrimination of the regions in the PCA analysis, have confirmed our observations in the mean spectra and might not only reflect the variance between different patterns in the spectra, but also may be supported by the presence or absence of characteristic peaks in some regions, ultimately reflecting a specific fingerprint for each region.
Sperm head
Regarding the peaks found in each specific region and for all species, some of peaks that we have identified in the sperm head (~1094, 1180,~1373,~1420,~1483,~1509 and~1576 cm −1 ) have already been described not only in sperm from several species, but also in other cell types, and assigned mainly to DNA, either to the nitrogenous bases as is the case of~1180,~1483,~1509 and 1576 cm −1 De Luca et al., 2014; Ferrara et al., 2015; Huang et al., 2014; Huser et al., 2009; Ke et al., 1999; Lang et al., 2013; Liu et al., 2013; Mallidis et al., 2011; Peticolas et al., 1996; Meister et al., 2010; Talari et al., 2015) , but also to the DNA phosphate backbone, such as the one at~1094 cm Ferrara et al., 2015; Talari et al., 2015) . Overall, these assignations are not unexpected as most of the studies conducted in sperm have focused only on the head region. Nonetheless, some of these peaks, besides DNA, have also been assigned to proteins and lipids, as is the case of~1373,~1420 and~1483 cm −1 Ke et al., 1999; Huser et al., 2009; Liu et al., 2013; Chen et al., 2014; De Luca et al., 2014; Huang et al., 2014; Li et al., ,2016 Ferrara et al., 2015; Talari et al., 2015) , an observation that perfectly agrees with the content of the head, where in addition to the cell membranes, the DNA is compacted based on a combination with proteins (histones and protamines) (De Jonge and Barratt, 2006) . A particular observation in this region was made at peak~1576 cm
. This peak was previously described in the human and mouse sperm head Huser et al., 2009; Meister et al., 2010; Mallidis et al., 2011; Lang et al., 2013; Huang et al., 2014) and also in the human midpiece region, although it was described with a lower intensity in the midpiece when compared to that of the head (Meister et al., 2010; Mallidis et al., 2011) . Here, however, we found it in all the species, as a specific peak for the head region, with one for the midpiece appearing at the spectral positioñ 1583 cm
, as we will further discuss. We believe that our higher spectral resolution and very detailed analysis of the peaks might be a determinant factor for this new observation.
Globally, we have found some peaks that were previously reported but, importantly, we have newly identified those peaks in species that have not been evaluated before and, specifically in the head of all species. The existent assignments are in accordance with the chemical composition of the sperm head.
Sperm midpiece
Additionally, as mentioned, we have also found specific peaks for the midpiece region that are common to all the species (~743,~1109,~1364, ), most of them being described for the first time in our study. In regard to the association of these peaks, some of them have been assigned to amino acids or in general to proteins in other cell types Talari et al., 2015) as well as to nucleic acids, either to the nitrogenous bases or to the DNA backbone Ke et al., 1999; Liu et al., 2013; Chen et al., 2014; De Luca et al., 2014; Ferrara et al., 2015; Talari et al., 2015; Li et al., 2016) , which is consistent with the existence of mitochondrial DNA.
A particular case is the peak at~743 cm −1 which was assigned to DNA bases, specifically, thymine. Interestingly, Meister and collaborators (2010) described, in human sperm, a peak in the vicinity, approximately at~751 cm −1 , which was associated with mitochondrial features, accordingly to previous works that assigned this peak to components of the mitochondrial respiratory chain, namely to cytochrome c (Adar et al., 1978; Takahashi and Ogura, 2002; Berezhna et al., 2003; Onogi and Hamaguchi, 2010; Okada et al., 2012) . However, Mallidis and coworkers (2011) refuted this observation, reporting it in the spectrum of other regions in the human sperm, which agrees with our observation of a peak in nearly the same position but in the sperm head and tail. Nonetheless, based on our observations specific peaks for the midpiece can be proposed. For example, the peaks at~1396 and 1519 cm −1 that have been assigned to DNA bases Ke et al., 1999; Ellis et al., 2013; Chen et al., 2014) and also, in other cell types, to carotenoids . These peaks could represent lipid compounds in mitochondria or factors related to lipid metabolism in this organelle. In fact, we found this latter assignment very interesting since it has been previously described that carotenoids have a similar structure to ubiquinone, a compound that exists in the inner mitochondrial membrane (Johnson and Hill, 2013) . Furthermore, these peaks have been described in isolated mitochondria (Adar et al., 1978) and purified components of the mitochondrial respiratory chain (Adar et al., 1978; Berezhna et al., 2003) , further supporting our observations. In the same way, peaks at~1364,~1546, and~1583 cm −1 could also be candidates to function as biochemical markers. The first one has been associated, among other things, to NADH , one of the main substrates of the mitochondrial respiratory chain, and all of them have been identified in pure cytochrome c (Berezhna et al., 2003) and purified cytochrome c oxidase (Adar et al., 1978) . Furthermore, the peaks~1364 and~1583 cm −1 were also associated with cytochrome c in isolated mitochondria from heart, liver and muscle (Adar et al., 1978; Berezhna et al., 2003) . The peak 1583 was additionally identified in HeLa cells (Okada et al., 2012) and in yeast mitochondria (Onogi and Hamaguchi, 2010) .
Overall, our study have identified several novel peaks that are unique to the sperm midpiece. Therefore, our data may contribute to more precise and valid references for identification of the midpiece region and its mitochondrial constituents. A more in-depth analysis of mitochondria-related peaks may also be helpful to describe and validate functional sperm parameters as new markers for sperm analysis.
Sperm tail
Finally, striking features were found in sperm tail spectra, namely the presence of common peaks compared to other regions, such as the protein-assigned peaks~1003,~1447 and~1660 cm −1 and also the absence of specific peaks for nucleic acids and mitochondrial components. The peaks that we have newly identified in the sperm tail (~802,~1607 and 1288 cm
), have been assigned mainly to proteins and lipids Ferrara et al., 2015; Talari et al., 2015) , being in accordance with the biochemical composition of the tail. However, some of these peaks, as is the case of~802 and~1288 cm −1 , were also assigned for DNA features Talari et al., 2015) , unlikely to be the case in the sperm tail . Nonetheless, we hypothesize that this might be related to kinase and phosphatase mediated processes in the sperm tail, associated with motility (Luconi et al., 2006) .
Overall, the evident differences in the average spectra of the different sperm regions, which were confirmed by PCA analysis, revealed that Raman micro-spectroscopy can accurately and reproducibly characterize different sperm regions, in all the four species evaluated.
How similar are the different regions among species?
Our results have indicated a similar spectral profile for the sperm regions evaluated, regardless the species, which was confirmed by the PCA analysis.
As mentioned, the human sperm head shows the most dispersed pattern on PCA analysis. The dispersion could be explained by internal variability, which in the case of the human sperm is known to exist at a functional level (Sousa et al., 2011) . Sperm morphology is also highly variable and according to the World Health organization a human seminal sample is considered normal when at least 3-5% of the sperm are morphologically normal (WHO, 2010) . Interestingly, a previous study has shown the possibility of detecting differences in sperm head morphologies, which may be associated with differences in sperm DNA compaction, through Raman micro-spectroscopy .
However, the internal variability does not explain the partial separation of the human head cluster in the PCA analysis. We hypothesize that this might be due to different intensities on several peaks (that in general are higher in all human sperm regions), as well as to their proportions when compared to other species, rather than with the presence of differential peaks in the human sperm head region.
In biological samples, many factors affect the intensity of bands in the Raman spectrum (Vandenabeele, 2013 ). In our study two possible explanations can be foreseen for the higher intensity: (i) the amount of the different compounds (DNA/proteins/lipids), although at least the DNA content seems to vary little among species (Bench et al., 1996) and even among samples from different donors (Sarkar et al., 1974) or (ii) the less compacted state of human sperm chromatin, when compared to other species. In fact, in the remodeling phase of chromatin during the late phases of spermatogenesis, the human sperm head, differently from other species, is known to maintain histones (nearly 15%), having therefore a lower protamine/histone ratio, thus having areas of less compaction (Bench et al., 1996; Andrabi et al., 2007; Barrat et al., 2006) that might turn the DNA vibrations more detectable.
In accordance to Huser et al. (2009) , the last hypothesis might be substantiated, since they have reported that the intensity of some peaks is higher in extracted calf thymus DNA, when compared to the signals in the human sperm head in its native compacted configuration. However, there is a drawback to this hypothesis: in the sea urchin sperm, protamines are absent, maintaining the nucleosomal organization (Poccia et al., 1987) . Nonetheless, the intensity of the bands in the Raman spectra are the lowest and the position of their individual measurements in the PCA analysis remains undifferentiated. In this way, the intensity of the bands in the spectrum does not seem to fully justify the difference observed in the PCA analysis for the human sperm head and suggests the presence of other factors that are currently unknown, warranting that further work should be developed to understand in detail the physico-chemical basis of these observations.
Regarding the midpiece, the average spectra of this region are indistinguishable in general, although there are certain small species-specific differences. For example, at~785 cm −1 there is a peak that is present in the head but also shared with the midpiece, where it is particularly visible in the sea urchin. Contrarily to this observation there is a headmidpiece shared peak at~1062 cm −1 which in the sea urchin midpiece has a very low intensity. However, cases like these are not enough to support a species distinction in the PCA analysis. Nonetheless, from a biological point of view it is logical that cellular structures containing ultra-conserved organelles with critical functions, such as the midpiece and their mitochondria, have few or no differences in their biochemical constitution, which is in perfect agreement with our observations. Finally, in the sperm tail, the analysis of the average spectra allows to observe some differences mainly in the tail of the sea urchin, in which some of the bands are absent (Table I ). This can be clearly seen at~1003 cm −1 , where there should be a peak that has been associated to the amino acid phenylalanine and considered as an universal indicator of proteins (Matthäus et al., 2007; Ellis et al., 2013; Talari et al., 2015) . The absence of several spectral bands in the sea urchin tail, might be due to its simpler structure when compared to other species, as previously mentioned (De Jonge and Barratt, 2006; Chang et al., 2013) . On the other hand, despite these differences, the PCA analysis does not show a clear distinction for any of the species analyzed; biochemically this makes sense given that although the configuration of the sperm tail can vary among species, they are basically the same proteins (De Jonge and Barratt, 2006) . Therefore, it can be concluded that although there are minor spectral features that are species-specific, these are not sufficient to support a clear distinction of a specific region among the different animal models studied here, using this approach. Therefore, their biochemical composition appears to be basically the same independently of the species.
Conclusions
Overall, our work has two main conclusions: the first is that the different sperm regions: head, midpiece and tail, are clearly differentiable by Raman micro-spectroscopy, proving that this is a reliable technique to identify biochemical features in situ. This is not surprising given the obvious differences in the structural and biochemical constitution of sperm components that such regions contain.
The second, and most interesting one, is that regardless of the species and independently of the physico-chemical characteristics of their fertilizing environment, the basic constituents of each particular sperm region do not seem to differ significantly, which suggests a 'list of basic ingredients' whose proportion might vary to make cellular functions optimal for each environmental condition.
Furthermore, we have identified peaks that have never been described in the sperm cell and whose biochemical assignment is in accordance with the chemical composition of the region in which they were detected. Particularly important are those that are unique to the midpiece as they might be a reference to the identification of sperm mitochondria as well as potential alterations to this organelle, whose function is highly correlated with that of sperm. In the future, this might have the potential to be used as a biomarker of fertility, highlighting the importance of our approach. Nonetheless, further work should be developed using live samples in order to completely validate this method and to understand in more detail the physico-chemical properties of the sperm cell.
